Introduction
The aspiration of a growing economy, industrialization and the increasing demand for energy results in the exploitation of fossil fuels (oil, coal and natural gas) being abandoned, leading to an alteration of the earth's climate by the anthropogenic emission of greenhouse gases (GHGs). Carbon dioxide (CO 2 ), methane (CH 4 ), nitrous oxide (N 2 O), and chlorofluorocarbons (CFCs) are primary GHGs (Solomon 2007) . Among them, the emission of anthropogenic CO 2 is progressively increasing over time (Keeling et al. 1995) . Consequently, the current atmospheric CO 2 concentration has reached nearly 410 ppm, which is~1.5-fold more than the preindustrial period, leading to detrimental consequences to the environment and human health (Gutierrez and LePrevost 2016) . So there is an immediate and substantial need to mitigate anthropogenic CO 2 emission before a worse situation develops. Carbon dioxide mitigation through carbon capture, utilization and storage (CCUS) is a desirable existing option for different types of emission sources. Among them, CCUS in fossil fuel power plants is a prime requirement, being a leading emitter of CO 2 . Only the USA produce approximately 70% of its electricity from fossil power plants (Chawla et al. 2011 ). So, for CO 2 mitigation and a sustainable economy, the use of low-carbon or zero-carbon energy sources along with CCUS is a significant step (Druckenmiller and Maroto-Valer 2005) .
Currently, various on-site and off-site carbon capture and sequestration (CCS) processes are being used for CO 2 mitigation (Fig. 1) . Currently, nonbiological methods such as geological sequestration, deep ocean sequestration, and pre/post-combustion are mostly being explored (Abu-Khader 2006) . However, mitigation of CO 2 using nonbiological approaches is being used on a limited scale due to environmental limitations and the associated high operational cost. For example, monoethanolamine (MEA) has been used widely as a solvent for CO 2 sequestration to form stable carbamates. However, the regeneration of carbamates needs a large parasitic supply of energy that accounts for up to 80% of the operational cost. Thus, there is an ongoing need to find universal mitigation techniques for CO 2 sequestration for commercial scale application (Leung et al. 2014) . Moreover, the method should be economical, safer and sustainable (Sanna et al. 2012) .
In this regard, the enzymatic sequestration of CO 2 into mineral carbonates by mineralization using a biocatalyst, carbonic anhydrase (CA), seems to be one promising approach due to the flexibility of the raw materials such as industrial wastes, serpentine and metal oxide ores. The unique catalytic property of CAs is helpful for accelerating mineral carbonation. Further, it appears to be an eco-friendly, feasible, environment benign and viable technology that permits CCUS for both, large and medium emitters on site. Therefore, CAs have been investigated by different researchers to discover feasible and viable CA for the mineralization process (Favre et al. 2009; Sanna et al. 2012 Sanna et al. , 2014 Bhagat et al. 2014; Ghelani et al. 2015; Okyay and Rodrigues 2015; Faridi and Satyanarayana 2016; Okyay et al. 2016) . However, the low stability of CAs under various industrial conditions is a major problem. This review emphasizes the opportunities, scope, development of CA-based mineralization, contemporary blooming and future prospects for technology.
Carbonic anhydrase
Carbonic anhydrase is a metalloenzyme, reported widely in prokaryotic and eukaryotic organisms. It has been known to catalyse the reversible hydration of carbon dioxide (CO 2 ) into bicarbonate ions (HCO À 3 ) (Eqn 1) (Smith and Ferry 2000; Tripp et al. 2001) .
Initially, CAs came into focus due to the curiosity of Meldrum and Roughton. They were intended to find the factor that handles HCO À 3 transit in the blood (Meldrum and Roughton 1933) . Subsequently, the first purification of CA was achieved in the late 1930s from bovine erythrocytes (Keilin and Mann 1939 , 1940 , 1944 . Latter, Neish reported CA from plants, but it was not similar to earlier identified classes of CAs (Neish 1939 prokaryotes (Veitch and Blankenship 1963) and later purification of microbial CA was done from Neisseria sicca in 1972 (Adler et al. 1972) . With the advent of nucleic acid sequencing techniques, the b-CA gene of Escherichia coli was decoded (Guilloton et al. 1992) . In 1994, Alber and Ferry characterized the gene of c-CvA from archaea -Methanosarcina thermophilic (Alber and Ferry 1994) . Until the last century, only three classes of CA had been identified, i.e., the a-and b-class in eukaryotes, where the b-class contributes in all three domains of life and the c-class in archaea (Smith and Ferry 2000; Tripp et al. 2001) . Along with the previously identified a-, b-and c -classes, three new classes were identified, namely d, e and f. The d CA is reported from diatom-Thalassiosira weissflogii (Roberts et al. 1997) . Whereas, The e-class of CA of Halothiobacillus neapolitanus has two domains and only one of these two domains is characterized by a functional Zn 2+ binding site, whereas the second domain is considered as cryptic (So et al. 2004) . In 2005, a new type of CA was detected from the diatom and is referred to as a f class, which contains cadmium in its active site despite zinc. Interestingly, the expression of the gene for f-CA production is controlled by the availability of cadmium and CO 2 in seawater (Lane et al. 2005) .
A structural investigation of CAs shows the difference in the active site of the enzyme depending on the type. The active site is normally composed of divalent metal ions in a tetrahedral geometry, containing three amino acid residues as ligands and water molecule/hydroxide ion coordinating the metal. All forms of CA contain Zn 2+ . However, various other divalent metal ions have been found in place of Zn 2+ , such as Cd 2+ discovered in the f-CAs, Fe 2+ in c-CAs in anaerobic conditions, and even Co 2+ in many a-CAs (Tripp et al. 2003; Xu et al. 2008; de Simone et al. 2015) . Apart from metal ions, variability was also found in the ligand region. In the a-, c-and d-CAs, three histidine residues and a water molecule/hydroxide ion is present and a coordinating Zn 2+ . On the flip side, Zn 2+ is coordinated by two cysteine and one histidine residue and water/hydroxide reported in type I b-CAs. Whereas, in type II b-CAs, an aspartate residue was found as the fourth zinc ligand. In the case of f-CAs, the ligand region is the same as type I b-CAs but contains Cd 2+ instead of Zn 2+ (Fig. S2 ). Consecutively, with the advent of genome sequencing, genome analysis suggests the Vibrio species have three types of CA, i.e., a, b and c (Del Prete et al. 2016a). The genome sequence of Azosprillium brasilince revealed the presence of one b-CA and two c-CAs (Kaur et al. 2010) . So, it is clear that the expression of multiple classes of CA in a single organism is due to the cambialistic nature of CA. Additionally, the activity of CA is found to be variable over different factors, e.g. the c CA gene alone was not able to produce CA activity, whereas the fusion products of genes (b and c) were able to stimulate CA activity in A. brasilince (Kaur et al. 2010) . Another study showed upregulation of CA gene expression in Ca 2+ deficient environments (Xiao et al. 2014) . Thus, the functional variability and the cambialistic nature of CAs could be used as a strategic plan for on-site CCUS. So, the pool of unique properties containing CAs holds an appeal for CCUS. Therefore, different micro-organisms have been investigated to find a potent CA of interest.
Development in CA-based mineralization and phylogenetic distribution of bacteria Until 1990, the CA had been profoundly explored in medical science as a therapeutic target. However, exploration of CA for CO 2 sequestration came into focus later. So, various challenges and limitations are associated with microbial CA-mediated carbonation for CCUS. Presently, microbial CAs reported from the six different prokaryotic phyla were explored as a source of CA for biomineralization (Supporting information).
Later, a pioneer study of Microcoleus chthanoplastes a-CA demonstrated the possible role of CA in the photosynthetic assimilation of inorganic carbon in CaCO 3 formation during the mineralization process, which initiated the exploration of CAs for CO 2 sequestration into benign calcite (Kupriyanova et al. 2007 ). Subsequently, the study of CA in capnophilic microbes is worthwhile because capnophilic CA are predicted to accelerate CO 2 hydration more rapidly than others due to their efficiency in having more CO 2 tolerance. Thus, capnophiles are considered as potential sources of capnophilic CAs. The capnophile cyanobacteria, Anabaena fertilissima, can grow in up to 6% CO 2 (Chinnasamy et al. 2009) . Capnophiles are suitable for biofixation of CO 2 using a reactor as demonstrated using Synechococcus elongates (Mortezaeikia et al. 2016) . Additionally, the synergy of CA with other cyanobacterial enzymes can be utilized for conversion of CO 2 to calcite or to other valuable products (Del Prete et al. 2016b) .
Secondly, the detailed analysis of cellular localization, purification methods and physicochemical characterization of CAs leads to the establishment of microbial CA as a tool for CO 2 capture (Jahnke et al. 1984; Lanaras et al. 1985; Karrasch et al. 1989; Braus-Stromeyer et al. 1997; Smith and Ferry 1999; Pitryuk et al. 2006) . However, continuous and semi continuous CCUS processes on a pilot scale, and field level application demand robust CA with excellent thermostability and alkali stability.
In the search for a robust CA, different strategies such as the isolation of bacteria from an extreme habitat, the use of genetic engineering tools, entrapment of CA in various matrixes and testing various raw materials have become essential and new trends in CA research that includes the testing of thermostability, alkali-stability, calcite precipitation and metal tolerance to achieve merits for large-scale CCUS. For example, Serratia sp. ISTD04 c-CA was stable at pH 7.6-8.0 at 30-35°C. A more alkaline pH reduced the activity of the enzyme, while cations such as Zn 2+ , Cd 2+ , Co 2+ and Fe 2+ (1 mmol l À1 ) were reported to enhance the activity. A maximum of 15.25 mg CaCO 3 was formed using 1 mg of the enzyme in 15 min; no further CaCO 3 was formed on prolonged incubation (Srivastava et al. 2015) . Similarly, the a-CA of Hahella chejuensis expressed in E. coli was also stable in highly alkaline conditions (pH 10.0) with moderate thermostability at 60°C (Ki et al. 2013) . Recently, the b-CA of Desulfovibrio vulgris indicated thermostability (107°C) and alkali stability (pH 10.0) against an amine solvent. Such an enzyme is suitable for the solvent mediated CO 2 capture process and can be used for calcite production as demonstrated by Liu et al. (Alvizo et al. 2014; Liu et al. 2014) . Also, a polymorph of calcite found to be variable in different media using bacterial CA, which is a key to determining product marketability. Other bacteria belonging to Proteobacteria were reported for varying polymorph synthesis depending on the medium phase. For instance, a single calcite polymorph will be produced as a route of carbonation in solid media, while liquid media offer heterogeneous calcite polymorphs (SilvaCastro et al. 2013) . A similar study was also reported in bacteria from Firmicute phylum. Alkali stable (9.0) and thermostable (50°C) a-CA reported from Lactobacillus delbrueckii is favourable for carbonation and biocalcification (Li et al. 2015) . The economic feasibility is also essential for the commercialization of technology. Bose and Satyanarayana (2016) demonstrated an increase of 3.7-fold in the production of moderated alkali stable (pH 9.0) and hyperthermostable (60°C) CA for calcite production (Bose and Satyanarayana 2016) .
In addition to thermostability and alkali stability, storage stability, sequestration potential, economic feasibility and reusability can be achieved by the immobilization of CA. In parallel, immobilization also offers improved kinetics of CA such as decreased k m , and increased V max . However, calcite production was partially reduced with an immobilized enzyme (Sharma et al. 2011; Oviya et al. 2013; Migliardini et al. 2014) . Sharma et al. (2011) demonstrated 1.08-1.18 fold higher thermostability, 2.02-fold storage stability and twofold sequestration potential using various immobilization matrixes (Sharma et al. 2011) . However, the selection of matrix plays a significant role. For example, immobilisation using cross-linked enzyme aggregates (CLEAs) raised the thermostability of Micrococcus lylae and Micrococcus luteus from 35-45°C to 67.5-74.0°C with an operation stability (T 1/2 ) at 55°C for 7.7 and 12.0 h, respectively (Bhattacharya et al. 2013) .
Thermophilic bacterial and archaeal CAs were also reported from Aquificae and Euryaracheota. a-CAs were also investigated from Presephonella marina and Thermovibrio ammonificans and b-CA from Methanobacterium thermoautotrophicum which have thermostability up to 75°C (Smith and Ferry 1999; Jo et al. 2014) . Potent thermostable CA includes a-CA from Sulfurihydrogenibium yellowstonenes YO3AOP1 with stability at 100°C up to 50 h upon immobilization and Sulfurihydrogenibium azorense with stability up to 100°C (Capasso et al. 2012; Luca et al. 2013) .
CO 2 sequestration and mineralization
Carbon dioxide has increased by 40% from the pre-industrial level due to the progressively increasing use of fossil fuel, and CO 2 is a by-product of combustion of various fuels. However, few costly methods are available to capture CO 2 from the source of emission and environment, which creates a need for low-cost, innovative technology of an eco-friendly nature (Leung et al. 2014) . Among the various methods of sequestration, sequestration through biomineralization using CA is a promising approach to capture CO 2 in benign forms. CA produces bicarbonate ions as a result of the reversible hydration of CO 2 . These bicarbonate ions are reacted with different metal ions to form valuable solid carbonate by precipitation. Due to the solidity of the carbonates, they remain stable over millions of years. Carbonation of metal ions is also known as 'weathering', 'mineralization' or 'mineral carbonation (MC)' process (Seifritz 1990; Rubin et al. 2005; Power et al. 2013a) .
The presence of CA accelerates the mineral carbonation in an abundant HCO À 3 environment. Therefore, it becomes apparent that the input of CAs plays a significant role in the expansion and scale up of biomineralization-based CCUS. Also, CO 2 sequestration through the mineralization process has certain advantages over other pre-existing technologies. It offers a solution to sequestering CO 2 from smaller/medium emitters, where on-site sequestration is not a viable option, and the flexibility to use different starting materials, e.g. Mg-silicate minerals and calcium (Ca) or iron (Fe) silicates and various other industrial waste materials (Sanna et al. 2012) . Their reactions are listed below (Eqns 2-5):
Thus, different microbial CAs and bovine CA were explored for mineral carbonation using various metal oxides and silicates as starting materials. However, the rate of carbonation depends on the starting material. For example, carbonation using brucite is limited by CO 2. Thus, the inclusion of CA plays a vital role in the acceleration of carbonation. On the other hand, with less reactive silicates, mineral dissolution limits the carbonation process (Power et al. 2016) . Bond et al. (2001) first successfully demonstrated the formation of calcium and magnesium carbonates through the use of bovine CA through mineral carbonation (Bond et al. 2001; Power et al. 2013b) . Therefore, various microbial CAs were explored by researchers for biomimetic CO 2 sequestration. Further, there is a great opportunity and scope due to the ample presence of a substrate for mineral carbonation.
Opportunities and scope of mineral carbonation
The aim of CCUS is the hermetic immobilization of CO 2 rather than ephemeral at an affordable cost. Physical and chemical approaches are used to achieve the targeted CCUS. However, they fail to provide a universal solution and are costly. Also, industrial processes are used to store CO 2 , such as food packaging, urea and methanol production. However, their CO 2 storage efficiency is transitory. Such industrial sequestration processes account for around 120 MtCO 2 year À1 ;~1.0% of the total anthropogenic emission (Rubin et al. 2005) . Also, these transitory immobilization strategies are not suitable for achieving meaningful CCUS. Mineral carbonation (MC) is a developing CCUS technology to sequester projected CO 2 emissions. Eco-friendliness, feasibility, resources availability and enhanced security make this approach a future technology on a large scale compared with other technologies. The availability of various natural feedstock and waste materials across the globe (Sanna et al. 2012 ) provides a path for ex-situ carbonation as illustrated in Fig. 2 . It is estimated that to retain more than a 10 000 Gt carbon sequestration efficiency by different natural resources by mineralization, and it is predicted there will be 2300 Gt carbon emission in the next 100 years. Ultimately, it requires approximately fivefold sequestration efficiency using various natural resources that are sufficient for the next five centuries (Sanna et al. 2012; Bide et al. 2014) . Apart from natural resources, many alkaline wastes offer a key advantage, i.e. CO 2 quenching, waste reduction, lessening the toxicity and valorization of waste. Moreover, annually 2 billion tonnes of alkaline waste provide an alternative strategy for CCUS, where the availability of natural resources is limited or missing (Gomes et al. 2016) . Some well-studied processes utilizing different waste as well as natural resources have been reported in the literature (Pan et al. 2013; Yao et al. 2013; Pan 2015) . Here, we have attempted to rate them based on their primary characteristics and suitability (Table 1) . For instance, wollastonite is more suitable for MC considering economy and environment. While serpentine offers low-cost power generation. Olivine offers more merit for environmental consideration (Giannoulakis et al. 2014) .
Despite the many benefits of CA accelerated mineral carbonation; it still has some issues that need to be addressed before commercialization of the technology. Current industrial mineralization processes operate at a relatively high temperature and pressure (>150°C, >100 atm). To minimize the cost and allow more flexibility of the process, considerable research has been conducted on the operation of mineralization processes at a relatively low temperature and pressure conditions (Washbourne et al. 2012; McCutcheon et al. 2014) . However, the high cost of pretreatment of the raw material (i.e. serpentine and industrial waste) and the kinetics of the process limits the success of CCUS. Nevertheless, the high cost can be compensated for by the devotion of CO 2 transport, marketable product formation, devoid of CO 2 monitoring, leakage analysis, stakeholder acceptance and excellent environmental safety. Moreover, the published literature and patents issued for CO 2 mineralization for carbonate production using CAs are evidence of the substantial development in biomineralization of CO 2 (Power et al. 2013b; Chien et al. 2013; Cha et al.. 2015 (US9051586) , Barbero et al.. 2013 (WO2013026011A1) , Kawatra et al.. 2011 (US7919064) , Borchert and Saunders 2010 (US7803575) ). Furthermore, lessening of the operation time from days to hours reflects a revolution in biomineralization. Recently, CA obtained its first commercial sale for the CO 2 capture process, which confirms the progress in the field and is manifest of the significance of the technology (Sipil€ a et al.
2008; Skinner 2017
). Lastly, on decade studies for microbial weathering and CO 2 capture using CA is listed in Table 2 . Carbon capture using microbial CA varies with the bacteria species and the reaction conditions. The highest CO 2 capacity (253-267 mg CaCO 3 mg À1 CA) was reported using E. coli (Oviya et al. 2013) .
Challenges in MC
Regardless of the large CO 2 sequestration efficiency of MC, the cost of in situ and ex situ MC are considerably higher for large scale application. Thus, various researchers are trying to make it feasible by overcoming technological challenges; process step improvement and reaction rates. Some primary inputs such as particle size, solid loading, raw material comparison, the pumping rate of reactant, and CO 2 concentration have been incompletely reported. Even though the effect of one variable on carbonation can be rationally projected in the various studies; their combined effects also need to be understood. After understanding the kinetics of the dissolution and precipitation process, the mineral carbonation process could be optimized for operational condition using a biocatalyst. On the flip side, bacterial induced CaCO 3 production is dependent on bacterial enzymes and metabolic activity. For instance, urease catalyses the hydrolysis of urea to ammonia and CO 2 , resulting in increased pH which facilitates the formation of CaCO 3 using CA (Pedrozo et al. 1997; Achal and Pan 2011; Dhami et al. 2014 ) (Eqns 6-11).
In the presence of microbial urease,
Spontaneous reaction,
In presence of CA, • Average precipitation rate associated positively with the cell density and the EPS content but negatively correlated with the electrical conductivity (EC) and the Ca 2+ and Mg 2+ concentrations
• Moreover, CA activity linked with cell density indicating accelerating the hydration of CO 2 using its secreted CA Xu et al.
2
Aliivibrio salmonicida
Proteobacteria ND
• 26 kDa mature CA (mASCA) produced using codon optimization • The mASCA enzyme displayed stable esterase activity in the temperature range of 10-60°C and a pH range of 6-11.
• Significant stability of mASCA (esterase activity) for 48 h at pH 10 and formation of CaCO 3 using CO 2 and Ca 2+ recommend it for the development of more efficient enzymatic CCS systems Jun et al.
3
Bacillus halodurans TSLV1
Firmicutes a
• First report of heterologous production a-CA in Escherichia coli • Alkaline stable CA (pH 6-11) with inducing the effect of sulphate on CA activity.
• Reasonable stability CA in the presence of SO x and NO x . Successful calcite formation demonstrated Faridi and Satyanarayana (2016) 4
Aeribacillus pallidus TSHB1
Firmicutes ND
• First report of 3Á7-fold higher CA production through medium component optimisation
• CA was alkali stable in pH range of 8-11 with maximum thermostability at 60°C.
• • Monitoring of effect of urea, NaHCO 3 and CO 2 on CaCO 3 precipitation through bacteria, quantitatively and qualitatively.
• The amount of CaCO 3 varies in the range of 189-151 mg/100 ml with maximum production by Bacillus megaterium
• Further, the produced CaCO 3 using bacteria were a mixture of two forms of carbonate, calcite and vaterite. The study provides inside into the modulation of specific forms carbonate through control of the biochemical process Dhami et al. • Study of inhibition profile of CA (TcruCA) for scrubbing systems using flue gas.
• TcruCA showed very less inhibition to anionic impurities in mmol l À1 concentration than the previous study, Hg , which can limit the use of CA in CO 2 sequestration using flue gas
• Study provide information for designing of CA for CA-mediated flue gas scrubbing systems Mahon et al. (2015) 10
Lactobacillus delbrueckii
• Thermostable (50°C) and alkaline-tolerant (pH 9Á0) CA (LdCA)
identified by genome mining from Lactobacillus delbrueckii CGMCC 8137.
• Formation of CaCO 3 in a vaterite phase by LdCA at 50°C
Li et al.
11
Nocardiopsis lucentensis
Actinobacteria ND
• Marine bacterium demonstrated calcite formation in bacteria colony (in vivo) and different shapes of calcite observed using CO 2 water and CaCl 2 in presence or absence of CA (in vitro).
Ghelani et al.
(Continued) • 1Á5-fold increase in CA activity in the presence of ZnCl 2 .
• Formation of larger flower-shaped calcite particles using CA compared to the small cubic shape calcite particles without enzyme 12
Sporosarcina sp. Firmicutes ND
• Effect of biotic and abiotic factor on CO 2 sequestration studied in the presence of bacteria isolated from caves.
• Species or strains of bacteria were found to be a most influencing biotic factor for CO 2 sequestration.
• pH and medium components found to be a most influencing abiotic factor. Among medium components, urea found to be most critical component after Plackett-Burman experimental design.
• Up to 148Á9% uptake in CO 2 by calcification mechanisms observed in the optimised medium • Bacteria isolated from marble mines rock and its CA gene cloned in PET21b(+) vector and expressed it in E. coli BL21 which was purified using one-step nickel affinity chromatography (29 kDa).
• Formation calcite was done using CA (31Á5 mg/2 mg CA), and calcite formation confirmed by XRD, FT-IR, EDX and SEM analysis Srivastava et al. (2015) 17 Serratia sp. Proteobacteria ND
• 29 kDa CA showed optimum pH and temperature were found to be 7Á5 and 40°C respectively. K m and V max were 2Á25 mmol l À1 and 940 lmol min À1 mg À1 , respectively.
• The purified peptide sequence showed maximum similarity to carbonic anhydrase by MALDI-TOF mass spectrometry analysis
• The production of CaCO 3 with a major phase of calcite
18
Bacillus mucilaginosus
• Study of gene regulation (CA) and mineral (calcite) formation in bacteria using real-time fluorescent quantitative PCR. CA genes transferred into E. coli by cloning
• The results disclosed that addition of calcite in Ca 2+ lacking medium could up-regulate the expression of CA genes to accelerate calcite dissolution. Results help in understanding role of microbial CA on mineral weathering and mineral nutrition release (mineral dissolution)
Xiao et al.
19
Thermovibrio ammonificans
Aquificae a
• CA from deep-sea hydrothermal vents with high thermostability (up to 80°C).
• The recombinant CA expressed in E. coli showed catalytic efficiencies better than the previously characterised thermophilic beta and gamma CAs from archaea, and their activities significantly increased at higher temperatures compared to lower temperature.
• Native CA was a monomer of 28Á1 kDa by size exclusion chromatography, and K m value was 37Á9 mmol l À1 . Further, onset time for calcite precipitation was around 48 and 7 s at 30 and 60°C, respectively Jo et al.
20
Persephonella marina
• Another CA from deep-sea hydrothermal vents with high thermostability (up to 80°C).
• The recombinant CA expressed in E. coli showed catalytic efficiencies better than the previously characterised thermophilic beta and gamma CAs from archaea • Codon optimised CA, PMCA(sp-), was produced by deletion of the single gene, caused five times more production than from the entire gene PMCA.
• PMCA(spÀ) has optimum pH and temperature stability at pH 7Á5 and 100°C (melting temperature = 84Á5°C) respectively.
• k cat and K m values for CO 2 hydration were 3Á2 9 10 5 s
À1
and 10Á8 mmol l
. Accelerated CaCO 3 formation observed in the presence of PMCA(sp-) Kanth et al. (2014) 22
Desulfovibrio vulgaris
Proteobacteria b
• The properties of CA from Desulfovibrio vulgaris were dramatically enhanced using directed evolution. Thermos ability up to 107°C and pH >10Á0 4Á2 mol l À1 alkaline amine solvent which a 4 000 000-fold improvement over the natural enzyme. Also, CA exhibited a 25-fold enhancement in CO 2 absorption. This type of CA can be used for calcite production as demonstrated by Liu et al. (2014) Alvizo et al.
23
Bacillus altitudinis
• First report of bacteria isolated from mangrove forest of the western coastline of India. Bacteria showed optimum growth and CA activity at 2Á5% CO 2 .
• The positive effect of ZnCl 2 (50 mmol l
À1
) on CA activity with 100% residual activity in the presence of 200 mmol l À1 ZnCl 2 .
• Bacteria showed in vitro CaCO 3 formation in the presence of CaCl 2 on solid medium
24
Micrococcus lylae Actinobacteria ND
• Bacteria were isolated from calcium carbonate kilns. CA from Micrococcus lylae retained 80% stability at pH and temperature range of 6Á0-8Á0 and 35-45°C, respectively. Whereas, CA from Micrococcus luteus retain stability at pH and temperature range of 7Á5-10Á0 and 35-55°C, respectively.
• Upon immobilisation as Cross-linked enzyme aggregates, M. lylae and M. luteus exhibited transition temperature up to 67Á5 and 74Á0°C, respectively and functional stability (T 1/2 ) of CA at 55°C was reported to be 7Á7 and 12Á0 h, respectively.
• Monomeric CA found to be of 29 kDa of both bacteria. • The pH was found to increased more steadily in experimental than the control group, indicating the role of CA in pH regulation. Secondly, CaCO 3 precipitation rate increasing with the increasing initial Ca concentration, but after 100 mmol l À1 of Ca some negative impact on CaCO 3 precipitation in the presence of CA.
• Also, initial Ca concentration affects the morphology of CaCO3, at low Ca concentration formation of vaterite and at high Ca concentration formation of calcite reported Li et al. (2013a) (Continued) • Investigation of CA concentration on CaCO 3 precipitation using the gaseous diffusion system. In CA catalysed process, deposition of Ca 2+ fitted with the exponential model.
• 0Á2-2Á0 U ml À1 CA found to be beneficial for CaCO 3 formation.
Furthermore, CA concentration affects the morphology of precipitated CaCO 3 .
• Vaterite and calcite developed at low and high CA concentration, respectively • 4Á64-fold purification of CA was achieved using a combination of Sephadex G-75 and DEAE cellulose column chromatography.
• Both, the immobilised CA, through chitosan-alginate polyelectrolyte complex (CA PEC), and free CA were most active and stable at pH 8Á2 and 37°C. The K m and V max of the immobilised CA was 19Á12 mmol l À1 and 416Á66 lmol min À1 mg
À1
, respectively. Whereas, K m and V max of free CA were 18Á26 mmol l À1 and 434Á78 lmol min À1 mg À1 , respectively.
• The amounts of CaCO 3 precipitated over free and immobilised CA were 267 and 253 mg mg À1 of enzyme, respectively Oviya et al. (2013) 31 Hahella chejuensis Proteobacteria a
• Cloning and expression of a new CA gene in E. coli (HC-aCA), exhibited a half-deactivation temperature of 60°C with maximal activity at 50°C
• Additionally, HC-aCA exhibited high pH stability in alkali condition with maximal activity at pH 10Á0.
• The positive effect of NaCl on esterase activity almost doubled at a high salt concentration ranging from 0Á67 to 2Á0 mol l À1 NaCl.
• Formation of CaCO 3 as calcite using HC-aCA in the presence of Ca 2+ and CO 2 Ki et al. (2013) 32 Halomonas sp. Proteobacteria ND
• All bacterial strains isolated from sediments and deep seawater and exhibited microbial induced carbonate precipitation and CA activity.
• Different forms of calcite found in solid and liquid media.
In M1 and B4 solid media, all of the strains precipitated magnesium calcite as carbonate, whereas in the liquid media, they precipitated different percentages of magnesium calcite, aragonite, and monohydrocalcite as carbonates.
• Thus, bacterial CA and medium phase (solid or liquid) may play crucial in deciding phases of carbonates • The thermophilic CA (SspCA) expressed in E. coli. SspCA was found to be stable up to at 100°C for 50 h on immobilisation on polyurethane (PU) foam. SspCA could utilized for CaCO 3 production process at high temperature Capasso et al.
37 Neisseria gonorrhoeae Proteobacteria a
• Recombinant CA of Neisseria gonorrhoeae (NCA) expressed as a soluble form in E. coli. The activity of NCA was significantly higher than bovine carbonic anhydrase (BCA) for CO 2 hydration.
• Further, different percentage of calcite and vaterite found depending on the enzyme. Calcite content of purified BCA, purified recombinant NCA, and crude recombinant NCA was 85, 73 and 68%, respectively Kim et al.
38 Bacillus megaterium Firmicutes ND
• Bacteria were isolated from alkaline soil (pH 9Á6) and tested for the extracellular polymeric substances (EPS) formation and enzyme production, carbonic anhydrase and urease.
• Highest EPS production reported by B. megaterium
). Urease activity range in 553-493 U ml À1 , with the highest activity by Bacillus simplex. While CA activity range in 5Á61 to 4Á26 EU ml À1 with highest CA activity from B. megaterium.
• Maximum calcite production found by B. megaterium (2Á26 mg calcite/cell dry mass (mg)) at the end of the fifth day • 20-40 lm in diameter spherical calcite crystal observed in bacteria culture group and bacteria culture + CA inhibitor group. In Culture solution group and culture solution + CA inhibitor group, ellipsoidal or square calcite detected of 10-40 lm in diameter.
• Whereas, in control group, medium control group and water control group, 10-20 lm either spherical, spherical superposition or peanut calcite noticed, smallest of all
42 Bacillus mucilaginosus (Paenibacillus mucilaginosus)
• Effect of Nitrogen (N) source on CA activity, crystal growth, and form of CaCO 3 was investigated.
• In N-free culture, lower CA activity and smooth surface of CaCO 3 crystals with larger volume but small density. On the contrary, high CA activity and rough surface CaCO 3 crystal with bigger density but smaller volume found in the nitrogen-containing culture
43
Psedomonas fragi Proteobacteria ND
• Maximum stability observed for M. luteus 2 CA followed by Psedomonas fragi CA, M. lylae CA at pH range 8Á0-9Á0 and temperature range 35-45°C.
• On the other hand, P. fragi CA demonstrated extreme stability as a function of time on pH and temperature.
• All bacterial CA exhibited inhibitory profile in the presence of Cl
, lead, arsenic and mercury. However, relatively lower inhibition profile observed for M. lylae CA.
• Enhanced CO 2 sequestration, nearly four times, observed by Indigenous CAs and their consortia than BCA at 45°C Sharma and Bhattacharya (2010) 
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Micrococcus luteus Actinobacteria ND
(Continued)
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Very limited work has been reported on MC using CA and mineral oxides which are important for the establishment of CA-based mineralization technology. After understanding CAbased mineralization, suitable CAs, such as thermostable or alkali stable, would be used at a particular stage of mineral carbonation. Furthermore, there is a need for a huge amount of CA or biomass to consume CO 2 in the process. Moreover, in the upscaling of CA production, the use of analytical chemicals and the highest grade of nutrients will result in an extremely high cost, which is generally practised in laboratory scale experiments. Lastly, issues relating to carbonation efficiency, uniform treatment and monitoring are key challenges for the engagement of technology. Moreover, integration of MC for CCUS in power stations leads to an increase in electricity production cost (90%-370%) with a detrimental effect on the environment (Giannoulakis et al. 2014 ).
Summary and future perspective
CCUS through well-developed non-biological methods, such as geological and deep ocean sequestration, are limited to developed countries due to feasibility issues, environmental threats, and the high cost. Thus, MC seems to be an alternative technology, and numerous improvements have been made for commercialization of the technology. These include: (i) better understanding of the mineral carbonation process, (ii) deciphering potentials of hyperthermophilic CAs, (iii) use of natural and waste materials as resources and (iv) optimization of critical process parameters. Despite such extensive modification, MC is still considered immature technology and thought to need more improvement to become mature commercialized technology. So, the inclusion of a potent CA can overcome the limitations of MC. Therefore, bacteria and algae were scrutinized to find efficient CA. Algae is favourable due to the production of food additives (SCP), biofuels and autotrophic nature along with CCUS. However, the application of algae is restricted by the need for a large area for cultivation, the high cost, low sequestration efficiency and the limited toxic pollutant tolerance (Chawla 2014) . Whereas bacteria are palpable sources of CAs due to their significant cost benefit, i.e., extremophilic nature, ease of large-scale production and flexibility for genetic engineering. Additionally, a product of CCUS, mainly CaCO 3 , can be utilized for various industrial purposes (Anbu et al. 2016) . Therefore, ) and zinc ion have a positive effect on CA activity.
• Positive effect up to 5% CO 2 observed on CA activity and a sharp decrease in CA activity after 7Á5% CO 2 .
• Formation of CaCO 3 observed in the presence of CaCl 2 solution saturated with CO 2 water. Furthermore, EDTA and acetazolamide input sharply decrease calcium carbonate formation using purified enzyme • Significant CA activity was found in crude enzyme extract of Enterobacter and Aeromonas whereas, the minimal activity found in Shigella and Klebsiella sp.
• Optimum CA production attended in E. taylorae, 3Á86 EU ml À1 . The optimum stability range of CA was at pH 7Á5-9Á0 and temperature 35-50°C. The molecular mass of CA was 29-kDa indicating a-type with periplasmic and cytosolic location.
• Optimum production of CA showed in the presence of urea and citrate as carbon and nitrogen source, respectively
Enterobacter gergoviae Proteobacteria ND 54
Aeromonas hydrophila Proteobacteria ND 55
Aeromonas caviae Proteobacteria ND ND, type of CA is not defined in the study.
CAs have been widely studied for mineral carbonation for CCUS. Moreover, some contemporary developments using CAs and some future interdisciplinary approaches are discussed below.
Use of CA in post-combustion CO 2 capture
The integration of CAs in the post-combustion process is a clear choice due to the development and the wide spread of technology. Various bacteria, algae and their CAs have been reported as having a positive effect on the process parameters of post-combustion CO 2 capture (Vinoba et al. 2013; Ye and Lu 2014; Salmon and House 2015) . In the presence of MEA (0.13 g MEA g biomass À1 ), an increase in protein concentration by 17% was reported (Rosa et al. 2016) . On the contrary, the growth in biomass depends on the types of solvent and microalgae employed Sun et al. 2015) . Various bacterial CAs have been studied and investigated for their suitability for post-combustion CO 2 capture. Thee et al. (2015) demonstrated an enhancement of the kinetic constant and about a 30% increase in the overall CO 2 absorption efficiency in 30 wt% K 2 CO 3 solution at 40°C using 2 lmol l À1 CA (Thee et al. 2015) . Hu et al. (2017) demonstrated that thermostable CA was found to enhance the first-order rate coefficient by 10-fold using 52 nmol l À1 CA and it retained 70% residual activity after an 8 h industrial scale operation at 50°C in 30% K 2 CO 3 solutions at pH 10.6. Other studies also report the positive effects of CAs (Merle et al. 2014; Hu et al. 2017) . Researchers achieved the formation of different calcite polymorphs using CAs in post-combustion CO 2 capture, leading to up gradation and acceptance of technology (Merle et al. 2014; Vinoba et al. 2014) . However, the limited stability of CA at process temperature, pH, use of diluted amine/capturing solution and reusability is a major limitation for widespread application of CAs in the post-combustion process.
Use of nanotechnology for CO 2 capture
Nowadays, various nanoparticles have been studied for CCUS application. Nanoparticles of SiO 2 , Al 2 O 3 , Fe 3 O 4 and carbon nanotubes (0.1-0.02 wt%) were found to accelerate CO 2 absorption up to 23% in 15-25% methyl diethanolamine, diethanolamine solution (Rahmatmand et al. 2016) . Yadav et al. (2012) immobilized CA on chitosan stabilized iron nanoparticles which have 50% residual activity after 30 days with improved kinetics, a lower K m and higher V max than the free enzyme (Yadav et al. 2012) . Single enzyme-nanoparticle also showed a similar result with a half-life period (up to 100 days) (Yadav et al. 2011) . Further, the immobilization of CA on nanoscale material also enhanced the CA thermal stability (maximum 88%). Chemical resistance to major impurities from flue gas for 60 days at 50°C is a significant improvement (Zhang et al. 2013) . Similarly, other literature reports a positive effect of nanoparticles on CA thermostability, half-life period, and on the kinetics of reaction and CO 2 absorption (Bhaduri and Siller 2013; Bhaduri et al. 2015; Hu et al. 2017) .
Mimicry of CA
Mimicry of biomolecules is a new horizon, studied for various aspects (Nath et al. 2016 (Davy et al. 2011) . Further, the encapsulation of Co-BBP (Co 2+ with 2, 6-bis(2-benzimidazolyl)) on a metal organic framework successfully enhanced CO 2 hydration and calcium carbonate (CaCO 3 ) crystallization by the mineralization process (Sahoo et al. 2013) . Thus, mimicry may help to design artificial CA which is more suitable for CCUS as per the requirements of the process.
Consortium development
In nature microbes rarely live in isolation, but they live in complex communities known as 'consortia', that can carry out the complex tasks of nature. Different biologists have explored the various natural consortia and engineered synthetic consortia of microbes for various purposes (Ohkuma 2003; Zuroff and Curtis 2012) . For CCUS, researchers worked on the consortium development of CO 2 -tolerant microalga for enhanced biofuel and biomass production (Hanagata et al. 1992; Jorge et al. 2015) . Recently, a limited microbial consortium was evaluated in the various dimensions of CCUS practices (Thomas et al. 2016). Hu et al. (2016) demonstrated a 10-fold increase in CO 2 fixation efficiencies using synthetic autotrophic-heterotrophic microbial consortia (Hu et al. 2016) . Likewise, an increase up to 84.6% CO 2 sequestration efficiency by microbial consortia through microbially induced calcite precipitation was reported (Bhakta et al. 2015; Peet and Thompson 2015) . Thus, a consortium of the different micro-organisms of thermo-alkaliphilic microbes and their CA may be a key to driving further enhancement of CCUS technology.
Use of next-generation sequencing approach
Metagenomics and microbiome characterization is one of the newly emerging avenues for finding robust enzymes. The detection of many new species and their proteins from metagenome have the potential for commercial purposes and researchers can decode novel proteins using taxonomical or functional analysis of the metagenome (Abbasian et al. 2016) . Detection of a significant number of unclassified sequences from environmental metagenome may hold the secrets for a source of novel enzymes for environmental application Patel et al. 2015) . Recently, a study has been conducted to understand the effect of climate change by treating the soil with infrared warming by 2°C for 10 years. The metagenome analysis revealed a significant change in microbial distribution and growth. There was a vast shift in microbial taxa and some critical metabolic pathways related to carbon turnover. The pathways were found to be enriched in the treated soil compared with the control, such as CO 2 production (10%), cellulose degradation (13%) and nitrogen cycling (12%; Luo et al. 2014) . Thus, a simulated metagenome study may provide a source of novel enzymes for CCUS. To the best of our knowledge, not a single CA gene has been reported from the metagenomics assessment study. So, there is vast scope for compatible enzymes for CCUS.
Other lesser pondered area
The use of molecular dynamics, rational engineering, directed evolution and the use of multimeric enzymes is found to be very limited by scientists in finding potential CA for CCUS. Warden et al. (2015) and Bharatiy et al. (2016) used a combined approach of rational enzyme engineering and molecular dynamics to obtain halotolerant CA and industrially suitable thermostable CA (~225°C), respectively. Alvizo et al. (2014) developed ultra-thermostable (107°C) CA using directed evolution. To the best of our knowledge, not a single study has reported the use of multimeric enzymes for CCUS. Thus, single or a combination of different approaches could be explored to obtain potential CA for various CCUS applications.
On the other hand, based on the literature survey, the CA properties and their suitability for CCUS depends on the type of CA, immobilization method and reaction environment. So, holistic characterization of CA is required to screen them for CCUS application. Secondly, the economic feasibility of CA-based CCUS is also a challenging task. However, valuable by-product formation supports the process economically up to a certain stage only.
Conclusion
The capture of carbon from a point source and its conversion to a valuable product has been gaining attention rather than disposal of CO 2 only. Mineralization seems to be a favourable process and lacks concern over leakages and the long-term monitoring involved in CCUS. Thus, large scale modification has been made for commercialization of mineralization for CCUS. In the past three decades, research has been conducted to transform chemical/physical based mineralization process to biobased mineralization by using a biocatalyst, CA. The diversity of micro-organisms can offer potent CAs that withstand the extreme operational conditions of the process. In conclusion, microbial CAs have both economic as well as environmental benefits in the context of biological carbon mitigation. So, the implementation of biocatalyst-based decarbonization helps to achieve a bio-based sustainable economy. However, the effectiveness of the enzyme on the field scale needs to be optimized before commercialization. We hope in future that society may obtain a new biocatalyst-based CO 2 mitigation platform through innovation and an integrative approach. Figure S1 . Taxonomic distribution of CA studied. Innermost circle contains bacteria name represents bacteria studied; circles in middle with round represent molecular weight (kDa) reported in the literature, and outer circle contains square represent the type of CA (a-, band c) (Detail of bacteria with DOI given in Table S1 ). Table S1 . Represent literature of selected bacteria.
